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Abbreviated Theoretical Perspective
v Effective theories identify baryon number violating processes. 

Numerous specific models exist in GUT, SUSY frameworks. 

v There are many possible decay channels and processes: 
µ+p0 (flipped), µ+K0 (SUSY), invisible modes, dinucleon decay, 
three-body modes, leptonic modes, B+L conserving modes ...

v Lifetime predictions are not precise –
typically uncertain by 2-3 orders of magnitude.
“Prediction” often constrained from below by existing limits.

v There are two favored and benchmark decay modes: 
e+p0 (gauge mediated)   and    nK+ (SUSY D=5)
good for water                           good for LAr and Liq. Scint.

Ideally, we wish to cover all possibilities, but we can 
focus on the benchmarks for planning purposes.
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Goldhaber’s bones
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Historical Perspective

1st gen

2nd gen
3rd gen

2nd gen: Super-K
3rd gen: Hyper-K, DUNE

Progress by 
one or two orders 

of magnitude
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Water Cherenkov
Hyper-Kamiokande

Liquid Scintillator
JUNO
LENA
THEIA

most massive – superior for e+p0

broad search capabilities
free proton advantage

kaons below Cherenkov threshold

clean timing signature
specialize in charged kaon
(also invisible mode)

Liquid Argon TPC
DUNE

fine grained detail
specialize in kaons, displaced vtx
visible kaon track
heavy nucleus, no free protons

3rd Generation Nucleon Decay Experiments
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JUNO

6.75 x 1033 protons
85% kaon decay modes x 65% signal efficiency
Background 0.5 events in 10 years       

𝜏
𝐵
> 1.9 × 10!"

20 kton liquid scintillator
Primary physics goal is determination of neutrino mass ordering using reactor neutrino oscillation.
Also geo, supernova, solar, …

Yue Meng, Neutrino2020 6

Proton decay 
• Competitive sensitivity to 

proton decay searches 
• Triple coincidence signal

Multi-messager astrophysics

Physics Prospects

Geo-neutrinos
• Explore origin and thermal 

evolution of the Earth
• 400 − 500 neutrinos per 

year 
• Precision 6% in 10 years 

• lower the energy threshold 
of the detector down to 
O(10) keV 

• Realtime monitoring of the 
MeV transient neutrino sky

• Reactor flux shape precise measurement
• Sterile neutrinos
• Other exotic searches, etc

Yue Meng Neutrino 2020

Should enter new territory
before DUNE/HK turn on
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https://doi.org/10.1140/epjc/s10052-020-7977-8
THEIA: an advanced optical neutrino detector
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Fig. 1 The Theia detector. Top panel: Theia-25 sited in the planned
fourth DUNE cavern; lower left panel: an interior view of Theia-25
modeled using the Chroma optical simulation package [27]; lower mid-
dle panel: exterior view of Theia-100 in Chroma; lower right panel:

an interior view of Theia-100 in Chroma. In all cases, Theia has been
modelled with 86% coverage using standard 10-inch PMTs, and 4%
coverage with LAPPDs, uniformly distributed, for illustrative purposes

loaded scintillator would make a long-baseline analysis more
complex from an optical standpoint, or reduce fiducial mass.

A major advantage of Theia is that the target can be mod-
ified in a phased program to address the science priorities. In
addition, since a major cost of Theia is expected to be pho-
tosensors, investments in Theia-25 instrumentation can be
transferred directly over to Theia-100. Thus, Theia can be
realized in phases, with an initial phase consisting of lightly-

doped scintillator and very fast photosensors, followed by
a second phase with enhanced photon detection to enable a
very low energy solar neutrino program, followed by a third
phase that could include doping with a 0νββ isotope and
perhaps an internal containment vessel. Table 2 lists the pri-
mary physics targets and the general configuration required
to achieve those physics goals for each phase.
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Candidate for 
4th “DUNE” 
module at SURF
25 / 17 kton
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Table 8 Detection efficiency and background rates for p → ν̄K+.
Theia and JUNO are assumed to have the same relative efficiency,
which is dominated by the short lifetime of the kaon. Hyper-K efficiency
is the lowest due to being unable to detect the kaon since it is below the
Cherenkov threshold

Detector Efficiency (%) Bkg [/Mton·year]

Theia 55 2.5

Hyper-K 23 1.6

DUNE 30 1

JUNO 55 2.5

Fig. 20 Sensitivity for p → ν̄K+ is highest for Theia, closely fol-
lowed by the Hyper-K detector, whereas JUNO and DUNE will perform
similarly

including Theia-100 (80 kT fiducial volume) and Theia-25
(17 kT fiducial volume).

3.7.2 n → 3ν and related modes

A subset of theories predict modes of nucleon decay where
the decay products themselves do not leave a direct visible
signature within the detector. It is in this set of potential decay
modes that Theia would present a potential increased sensi-
tivity by over two orders of magnitude. An example of this
would be the decay of a neutron into three neutrinos. For
a bound nucleon this would leave the nucleus in an altered
state, which would have observable deexcitation gamma rays
and low-energy emitted nucleons. For large-scale detectors,
the real difference between this decay mode and those men-
tioned above is a matter of energy scale and isotope. Water
Cherenkov detectors such as SNO and SNO+ have looked for
invisible decay from the oxygen nucleus, which has a rela-
tively high branching ratio (44 %) to emit a 6.18-MeV γ . The
signal is a single event, so the detector is required to have very
low background in order to perform this search. Super-K, for

Fig. 21 The large size and depth of Theia means that other next gen-
eration detectors are unlikely to be competitive when looking for very
low energy modes of nucleon decay

example, is limited by the production of cosmogenic activa-
tion of oxygen to 16N, which decays with a 7.13-s half-life,
emitting a 6.13-MeV gamma 67 % of the time. This limita-
tion also exists for Hyper-K due to its shallow depth, which
means Theia would be the only large-scale water Cherenkov
detector available to look for this decay. Leading limits on
invisible neutron and dineutron decay are set by KamLAND
[7], and on invisible proton and diproton decay by SNO+ [8].
Liquid scintillator detectors have both advantages and disad-
vantages in the search for invisible neutron decay. While the
branching ratio for carbon is much lower (5.8 %), the signal
itself is a triple coincidence signal. The primary deexcitation
of 11C emits secondary particles (p, n, d,α, γ ) providing a
secondary signal, which is followed by the radioactive decay
of 10C – half-life of 19.3 s. KamLAND identifies no signal
that can directly mimic this signal, and so its primary source
of background is from accidental coincidences. Background
to the first two components of the signal is dominated by
cosmogenic radioisotopes (particularly 9Li), which requires
a long cut of 2 s after each muon. Since the KamLAND muon
rate is ∼0.34 Hz, this cut is tolerable; however, JUNO would
likely be insensitive to this decay mode due to its larger size
and slightly shallower depth, which results in a factor of 10
more muons through the detector.

For Theia, at a depth equivalent to DUNE, the primary
backgrounds would come from 8B solar neutrinos, produc-
tion of 15N∗ through atmospheric neutrino interactions, and
cosmogenic production of 16N. Compared with the SNO+
results, Theia would have much less impact from internal
radioactivity and a greater signal efficiency due to enhanced
energy resolution. Direction reconstruction would still play
an important role, as the event direction is used as the pri-
mary means for rejecting solar neutrino events. The result-
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Most impressive capability
For nucleon decay: ”invisible mode”

Enabled due to great depth if at SURF 
(reduced cosmic ray spallation)
Triple coincidence: #$𝐶 → ##𝐶 → #%𝐶 + 𝛾 (𝜏 = 19 𝑠)

Broad program:
Beam neutrinos at SURF
Solar, reactor, geo, supernova neutrinos
Neutrinoless double beta decay

For 𝑝 → 𝐾&𝜈 assume same efficiency
and backround rate as JUNO.

Aspirational 100 kt detector may
cover many modes like SK/HK

https://www.bnl.gov/dmo2019/

THEIA should benefit from Snowmass
Community Planning input

https://doi.org/10.1140/epjc/s10052-020-7977-8
https://www.bnl.gov/dmo2019/
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+ potential 2nd module,
maybe in S. Korea

Minimal US involvement in Hyper-K at this time.
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Chapter 2: Introduction to LBNF and DUNE 2–25

Figure 2.1: LBNF/DUNE project: beam from Illinois to South Dakota.

Figure 2.2: Underground caverns for DUNE FD and cryogenics systems at SURF, in South Dakota.
The drawing, which looks towards the northeast, shows the first two far detector modules in place.

DUNE Physics The DUNE Technical Design Report

DUNE (Deep Underground Neutrino Experiment)

1.5 km deep in SURF (South Dakota)
modular … up to 40 kt total fiducial mass
Single and dual phase modules
4th module under open study

ProtoDUNE surface data

p→µ+ K0

At this time, DUNE is taking the efficiency hit of 30%, 
with a background rate of 1/Mt y
(fully automated analysis, 10 y, 40 kt fiducial mass)

⌧/B(K+⌫) > 1.3⇥ 1034 years

<latexit sha1_base64="ggYDPEoKOtaZ/J3IhfW7TXKe0Do="></latexit>

Initial DUNE is on solid footing but expansion to more modules is important to discuss
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From R. Wendell (Hyper-K), RF Town Hall, Oct. 2, 2020
Note: these are 3s sensitivities

When will experiments commence?
How massive will they be?

Even in the best cases, order of magnitude improvements in
benchmark nucleon decay searches are essentially out of reach.
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v We are reaching the financial and technical limits for
super-massive detectors.

v Cost of excavating rock exceeds cost of detector.
v Need a revolutionary approach
• solution-mined salt caverns? (Monreal*)
• undersea vessels (TITAND, Y. Suzuki)
• others? Proton decay on the moon is free of atm. nu background.

v So for now, this topic tags along with massive neutrino detectors.

Why is progress so difficult?

* https://www.snowmass21.org/docs/files/summaries/UF/SNOWMASS21-UF6_UF0-NF10_NF0-RF4_RF0-CF1_CF0-IF8_IF0_Monreal-002.pdf

https://www.snowmass21.org/docs/files/summaries/UF/SNOWMASS21-UF6_UF0-NF10_NF0-RF4_RF0-CF1_CF0-IF8_IF0_Monreal-002.pdf
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DUNE (40 kt)

Hyper-K
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Even in the best cases, order of magnitude improvements in
benchmark nucleon decay searches are essentially out of reach.

But searches are in motivated territory, and the case for
searching for proton decay is as strong as ever. 



Messages to Snowmass

v Experimental searches for Baryon Number Violation 
remains a valued objective of particle physics.
Nucleon decay is the primary means for DB=1.

v The next generation nucleon decay experiments 
are tied into large neutrino detectors and together 
with neutrino physics establish a broad science program.

v Order of magnitude improvements seem out of reach.
v Ongoing and future searches are in potentially fruitful territory.
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Backup
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∼ 0.5 Mt yr exposure
by Super-K before next

generation experiments
Starting time? Guess 1 decade from now.
Adjust starting time as you wish.

Retrospective:
Snowmass 2013

= prelim. SK 2020
(better than projected)
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Signal Efficiency (%) SK-I SK-II SK-III SK-IV w. n cap. New 4.7 kton FV (SK I-IV)
100 < pnet < 200 MeV/c 21.0 ± 3.5 20.2 ± 3.2 21.1 ± 3.2 19.8 ± 3.3 15.5 ± 2.6

pnet < 100 MeV/c 19.9 ± 1.9 18.1 ± 1.8 20.3 ± 1.8 19.6 ± 1.6 10.3 ± 1.4

Background (evts/Mt 
y)

SK-I SK-II SK-III SK-IV w. n cap. New 4.7 kton FV (SK I-IV)

100 < pnet < 200 MeV/c 1.4 ± 0.6 2.2 ± 0.8 1.6 ± 0.6 1.0 ± 0.5 0.10 ± 0.05

pnet < 100 MeV/c < 0.01 0.17 ± 0.14 < 0.01 < 0.01 0.01 ± 0.01Enlarging Fiducial Mass
• Super-K is huge detector but its physics 
sensitivity is still limited by statistics… 

• Enlarge from 22.5 kton to 27.2 kton, 
+20%. 
• 2 m to detector wall → 1 m 

Remarkable merits 
• Enables the use of past data that has 
never been analyzed. 

• Improves p-decay search sensitivity for 
every mode as well as the neutrino 
analysis. 

Considerations to achieve it 
1. External background contamination. 
2. Reconstruction performance. 
3. Data/MC agreement and systematic 
uncertainties.

6New Analysis Improvement

2 m

Fiducial Mass 
22.5 kton → 27.2 kton

Enlarge  1 m

π０→2γ

Nonstop effort since 2013:
Neutron capture on H (25% eff.)
Expanded fiducial volume
Two box search (free proton)
Improved reconstruction

2020: Add Gd for n-capture

2nd gen: Super-K 1996 – continuing
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JUNO
2022

Hyper-K
2027

DUNE
2026

When ??  Everyone wants to know. 

But these estimated dates are subject to … change, of course!
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Table 8 Detection efficiency and background rates for p → ν̄K+.
Theia and JUNO are assumed to have the same relative efficiency,
which is dominated by the short lifetime of the kaon. Hyper-K efficiency
is the lowest due to being unable to detect the kaon since it is below the
Cherenkov threshold

Detector Efficiency (%) Bkg [/Mton·year]

Theia 55 2.5

Hyper-K 23 1.6

DUNE 30 1

JUNO 55 2.5

Fig. 20 Sensitivity for p → ν̄K+ is highest for Theia, closely fol-
lowed by the Hyper-K detector, whereas JUNO and DUNE will perform
similarly

including Theia-100 (80 kT fiducial volume) and Theia-25
(17 kT fiducial volume).

3.7.2 n → 3ν and related modes

A subset of theories predict modes of nucleon decay where
the decay products themselves do not leave a direct visible
signature within the detector. It is in this set of potential decay
modes that Theia would present a potential increased sensi-
tivity by over two orders of magnitude. An example of this
would be the decay of a neutron into three neutrinos. For
a bound nucleon this would leave the nucleus in an altered
state, which would have observable deexcitation gamma rays
and low-energy emitted nucleons. For large-scale detectors,
the real difference between this decay mode and those men-
tioned above is a matter of energy scale and isotope. Water
Cherenkov detectors such as SNO and SNO+ have looked for
invisible decay from the oxygen nucleus, which has a rela-
tively high branching ratio (44 %) to emit a 6.18-MeV γ . The
signal is a single event, so the detector is required to have very
low background in order to perform this search. Super-K, for

Fig. 21 The large size and depth of Theia means that other next gen-
eration detectors are unlikely to be competitive when looking for very
low energy modes of nucleon decay

example, is limited by the production of cosmogenic activa-
tion of oxygen to 16N, which decays with a 7.13-s half-life,
emitting a 6.13-MeV gamma 67 % of the time. This limita-
tion also exists for Hyper-K due to its shallow depth, which
means Theia would be the only large-scale water Cherenkov
detector available to look for this decay. Leading limits on
invisible neutron and dineutron decay are set by KamLAND
[7], and on invisible proton and diproton decay by SNO+ [8].
Liquid scintillator detectors have both advantages and disad-
vantages in the search for invisible neutron decay. While the
branching ratio for carbon is much lower (5.8 %), the signal
itself is a triple coincidence signal. The primary deexcitation
of 11C emits secondary particles (p, n, d,α, γ ) providing a
secondary signal, which is followed by the radioactive decay
of 10C – half-life of 19.3 s. KamLAND identifies no signal
that can directly mimic this signal, and so its primary source
of background is from accidental coincidences. Background
to the first two components of the signal is dominated by
cosmogenic radioisotopes (particularly 9Li), which requires
a long cut of 2 s after each muon. Since the KamLAND muon
rate is ∼0.34 Hz, this cut is tolerable; however, JUNO would
likely be insensitive to this decay mode due to its larger size
and slightly shallower depth, which results in a factor of 10
more muons through the detector.

For Theia, at a depth equivalent to DUNE, the primary
backgrounds would come from 8B solar neutrinos, produc-
tion of 15N∗ through atmospheric neutrino interactions, and
cosmogenic production of 16N. Compared with the SNO+
results, Theia would have much less impact from internal
radioactivity and a greater signal efficiency due to enhanced
energy resolution. Direction reconstruction would still play
an important role, as the event direction is used as the pri-
mary means for rejecting solar neutrino events. The result-
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Conceptual Design Report JUNO Collaboration
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Figure 1.13: The 90% C.L. sensitivity to the proton lifetime in the decay mode p æ

K
+ +‹ at JUNO as a function of time. In comparison, Super-Kamiokande’s sensitivity

is also projected [29].

factor of three improvement over the current best limit from Super-Kamiokande, and
starts to approach the region of interest predicted by various GUTs models. In a real
experiment, the sensitivity may decrease if background fluctuates high. In the case
that one event is observed (30% probability), the 90% C.L upper limit is S = 3.86.
The corresponding sensitivity to proton lifetime is · > 9.6◊1033 yrs. If two events are
observed (7.6% probability), the sensitivity is further reduced to · > 6.8 ◊ 1033 yrs.
In Fig. 1.13 we plot the 90% C.L. sensitivity to the proton lifetime in the decay mode
p æ K

+ + ‹ at JUNO as a function of the running time. Due to the high e�ciency in
measuring this mode, JUNO’s sensitivity will surpass Super-Kamiokande’s after 3 yrs
of data taking.

1.3.9 Light Sterile Neutrinos
Motivated from the anomalies of LSND [30], MiniBooNE [31], the reactor antineu-
trino anomaly [32], and Gallium anomaly [33], the light sterile neutrino [34, 35] is
regarded as one of the most promising possibilities for new physics beyond the three
neutrino oscillation paradigm. Therefore, future experimental oscillation searches at
short baselines are required to test the light sterile neutrino hypothesis [36].

Several possible methods of sterile neutrino studies are considered at JUNO. The
first one is the use of existing reactor antineutrinos, which can test the active-sterile
mixing with the mass-squared di�erence ranging from 10≠5 to 10≠2 eV2. This parameter
space is irrelevant to the short baseline oscillation, but could be tested as the sub-
leading e�ect of solar neutrino oscillations.

The direct test of short baseline oscillations at JUNO requires additional neutrino
sources placed near or inside the detector. Using 50 kCi 144Ce-144Pr as the antineutrino
source at the detector center, JUNO can reach the 10≠2 level of active-sterile mixing at
95% C.L. after 1.5 yrs of data taking. On the other hand, a cyclotron-driven 8Li source

20

𝑝 → 𝜈𝐾&

from the published design reports or recent talks …
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